Increased physical activity is associated with successful long-term weight loss maintenance due to mechanisms likely more complex than simply increased energy expenditure. The impact of physical activity on the central regulation of food intake may be an important mechanism of this effect. The objective of this study was to examine the effects of exercise training and acute exercise on the neuronal response to food cues as well as eating behaviors. fMRI was performed in the fasted state at baseline and again after a 6month progressive exercise intervention (supervised, 5 days/wk) both with and without an acute exercise bout in 12 overweight/obese (5 women, 7 men; BMI 33±4 kg/m 2 ) healthy adults. fMRI data were acquired while subjects were presented with visual stimuli of foods of high hedonic value as compared to neutral control objects. Questionnaires on eating behaviors, ratings of appeal and desire for foods, and ratings of appetite (hunger, satiety, prospective intake) using visual analog scales were also performed at baseline and again after the 6-month exercise intervention. While only a trend was observed for a reduction in body weight (102±5 to 99±6 kg, p=0.09), a significant reduction in fat mass was observed (36.4±2.8 to 33.7±3.2 kg, p=0.04), although as expected changes in fat mass were variable (−10.0 to +3.7 kg). Chronic exercise was associated with a reduction in the neuronal response to food, primarily in the posterior attention network and insula. A significant positive correlation between change in fat/body mass and change in insula response to food cues with chronic exercise was observed. An acute exercise bout attenuated the effects of chronic exercise. The exercise intervention, however, did not impact any of the measures of appetitive behavior. In summary, despite no effects on behavioral measures of appetite, chronic exercise training was associated with attenuation in the response to visual food cues in brain regions known to be important in food intake regulation. The insula, in particular, appears to play an important role in potential exerciseinduced weight loss and weight loss maintenance.
Introduction
The regulation of energy intake is a complex process requiring the integration of physiologic or homeostatic signals and non-homeostatic signals, both internal and external. Much has been learned about the homeostatic regulation of energy balance and the effects of adiposity and gut signals on hunger and satiety [1, 2] . Ultimately, however, the decision to initiate food intake, how much to consume, and when to terminate a meal is affected by not only these homeostatic mechanisms but also by 'non-homeostatic' mechanisms such as learned and motivated behaviors, cognitive factors, habits, social context, availability of food, external sensory cues and the integration of these different sensory inputs [3] [4] [5] .
Exercise and/or physical activity interventions have been shown to have modest (<3%) but highly variable effects on weight loss [6] . Exercise accentuates diet-induced weight loss, but more importantly exercise has been shown to be central to the prevention of weight gain and/or weight regain [7] [8] [9] . While the increased energy expenditure associated with exercise is key to its effects on energy balance, a complex interaction with energy intake is likely also important. The impact of exercise or physical activity on eating behaviors, appetite, and energy intake has been studied and reviewed recently elsewhere [10] [11] [12] . While high intensity exercise has been shown to acutely reduce hunger ratings [13, 14] , other studies of acute exercise have shown no effects on appetite or energy intake [15, 16] . Overall acute exercise does not appear to have a significant impact on appetite or energy intake as might be expected from the exercise-induced negative energy balance [10-12, 15, 16 ]. There appears to be, though, significant variability in these responses [16] with, for example, men having more of a reduction in hunger than women with acute exercise [17] . More importantly from a body weight regulation perspective are the effects of chronic exercise on ingestive behavior. Long-term exercise interventions have shown to result in only modest to no effects on appetite ratings and energy intake [11, 15, 16, 18] . Again, these effects appear to be highly variable when examined at an individual level [12, 19, 20] . Nevertheless, why exercise, either acute or chronic, does not induce greater compensation in appetite and energy intake is unclear.
With the use of neuroimaging techniques, which are less subjective than behavioral and appetite measures, we have begun to better understand the neural circuitry associated with the processes involved in ingestive behavior. A number of studies have examined the neuronal response to visual food cues, finding involvement of a network of brain regions known to be important in reward, motivation, attention, memory, inhibitory behavior as well as energy homeostasis [21] [22] [23] [24] [25] [26] [27] [28] [29] . The salience of the food-related stimulus, nutritional state, and obesity status also appear to modulate these responses, further implicating these networks as central to the regulation of ingestive behavior [22, 26, [28] [29] [30] [31] [32] . A recent metaanalysis has found consistent activation in posterior visual cortex, orbitofrontal cortex and insula in response to food cues [33] . Furthermore, the insula response has been shown to be modulated by alterations in acute/chronic energy balance as well as by peptides and hormones known to be important in energy intake regulation suggesting that this brain region plays an important role in these processes [22-24, 26, 27, 34-40] . To our knowledge, however, there are no neuroimaging studies that have examined how exercise or physical activity modulates the neuronal response to visual food cues.
Based on these observations we hypothesized that despite a relative negative energy balance, measures of eating and appetitive behaviors would not be significantly affected by a chronic exercise intervention. Furthermore, we hypothesized that chronic exercise would attenuate the neuronal response to food, potentially explaining the lack of enhanced appetitive and reward-related eating behaviors. The present study was designed to examine these hypotheses.
Methods

Research Participants
Healthy, overweight to moderately obese (mean BMI 33.3 ± 4.3 mg/kg 2 ) adult men and women (mean 38.2 ± 9.5 years) were recruited and screened. The study was approved by the Colorado Multiple Institutional Review Board, and all subjects gave informed consent. Eligible participants were free of metabolic and psychiatric disease and eating disorders and were not actively dieting (purposely restricting food intake for weight control) at the time studies were performed. Twelve participants (5 women and 7 men) were enrolled into the study. All but two participants were right-handed. No differences were observed when data were analyzed without the left-handed participants, so all participants were included in the final analyses.
Study Design and Measurements
Participants first underwent baseline assessments, including 3-day diet diary, body composition measurement by dual-energy x-ray absorptiometry (DPX whole-body scanner, Lunar Radiation Corp., Madison, WI), measurements of resting metabolic rate (RMR) by standard hood indirect calorimetry (TrueOne 2400 metabolic cart, Parvomedics, Sandy, UT), and maximal aerobic capacity measured on a motor-driven treadmill.
Measures of food intake, eating-related behaviors and, neuronal responses to visual food cues as measured by functional magnetic resonance imaging (fMRI) were performed at baseline and then again after a 6-month exercise intervention (described below). Postintervention fMRI measures were performed twice in random order, once without an acute exercise bout (chronic exercise) to evaluate the chronic effects of exercise training and once within 30 minutes after an acute exercise bout (chronic + acute exercise) to evaluate the acute effects of exercise. Body composition and a 3-day diet diary were also measured after the 6-month exercise intervention.
Exercise Intervention
Participants were recruited from a larger study designed to evaluate the effects of a 24 week exercise intervention on components of total daily energy expenditure. Individualized exercise prescriptions were designed to target an increase of 2500 kcal per week. Subjects performed a supervised treadmill walking program that gradually increased in intensity (60% to 75%) and duration (~15-20 minutes/day to 40-60 minutes day) to achieve a target workloads (500 kcal/day at 75% of V02max) by week 18. The theoretical weight loss was approximately ~6.8 kg during the 6 month intervention. The exercise prescription was calculated from the maximal aerobic capacity test performed at baseline and updated according to submaximal exercise tests performed every 6 weeks. Subjects were required to attend ≥75% of the scheduled exercise sessions. Body weight was recorded weekly under standardized conditions using a digital scale.
Non-fMRI Assessments
Participants completed the following measurements before and again after the 6-month exercise intervention after an overnight fast and in the setting of no acute exercise for 24 hours. These assessments were performed on a different day than the fMRI assessments described below. Participants completed the following questionnaires: the Three Factor Eating Inventory, Power of Food Scale, Craving and Mood Questionnaire (CMQ), and Food Craving Inventory (FCQ-S). Fasting blood sampling was performed and analyzed for leptin concentration as determined by radioimmunoassay (Linco Research, Inc., St. Charles, MO). Participants also completed hunger, satiety and appetite ratings by visual analog scale (VAS) before and every 30 minutes for 180 minutes after a test meal breakfast. The meal was served at 7:30 AM and provided 30% of their estimated daily energy intake (55% carbohydrate, 35% fat, 15% protein). Estimates of daily energy needs were made using baseline RMR and lean body mass plus an activity factor of 1.4. The entire meal was required to be consumed. The meal was prepared and provided by the University of Colorado Clinical Translational Research Center (CTRC) kitchen. Hunger was rated by VAS on a line preceded by the question, "How hungry are you right now?" and anchored on the left by "not at all hungry" and by "extremely hungry" on the right. Other questions addressed satiety and prospective food consumption. The questions were downloaded onto a personal data assistant (PDA). The participants were instructed on how to use the PDA and question program.
Functional Magnetic Resonance Imaging (fMRI)
Within one week of the non-fMRI measurements, participants presented to the Brain Imaging Center at the University of Colorado School of Medicine in the morning after an overnight fast at approximately 8:00 AM. Subjects were asked to not consume any food after 10PM the night before. On one occasion subjects presented without acute exercise for 24 hours and on a separate occasion subjects presented within 30 minutes of an acute exercise bout. The bout was a typical treadmill exercise session for that subject and so varied in intensity (60-75% Vo2max) and duration (40-60 minutes) but was intended to achieve a target workload of 500 kcal.
Prior to scanning, single, fasting VAS measures of appetite were performed. Imaging studies were performed using a GE 3.0 T MR scanner. Prior to functional imaging, a highresolution, T1-weighted 3D anatomical scan over 10 minutes was acquired for each subject. Functional images were then acquired with an echo-planar gradient-echo T2* blood oxygenation level dependent (BOLD) imaging contrast technique, with TR = 2000 ms, TE = 30 ms, 64 2 matrix, 240 mm 2 FOV, 27 axial slices angled parallel to the planum sphenoidale, 2.6 mm thick, 1.4 mm gap. Additionally, one inversion-recovery echo-planar-image (TI=505ms) volume was acquired to improve coregistration between the echo planar images and gray matter templates used in preprocessing. Head motion was minimized with a VacFix head-conforming vacuum cushion (Par Scientific A/S, Odense, Denmark). Functional imaging was performed while the participants were presented visual stimuli using a projector and screen system. Previously validated visual stimuli consisted of three different categories: neutral nonfood-related objects, foods of high hedonic value, and foods of neutral hedonic value [41] . Because previous studies have shown that comparisons involving neutral food objects to be qualitatively similar but less sensitive [29] , the primary analysis examined differences between hedonic foods and nonfood objects. Two runs were performed with each run consisting of a pseudo-randomized block design with 6 blocks of pictures of each category. Seven blocks of a low-level baseline (fixation cross) were also included in each run. Each block consisted of 4 stimuli shown for 4 seconds each for a total of 16 seconds per block. Four additional scans were acquired at the beginning of each run to minimize saturation effects. Subjects were asked lie quietly and to view the images. Total scanning time was no more than 30 minutes.
Following each fMRI session participants were asked to rate the images of foods visualized in the scanner. The images were presented to participants one at a time in a random order. For each image participants were asked to rate by VAS: 1) "how appealing is the image?" 2) "what is your desire to eat this food item?" and 3) "how pleasant is the image?" Desire to eat was specifically defined as the drive to consume some of the presented food at that point in time.
Calculations and Statistical Analyses
fMRI data were analyzed using SPM8 (Wellcome Dept. of Imaging Neuroscience, London). Data analyses were blind to treatment group. Data from each subject were realigned to the first echo-planar image, normalized to the Montreal Neurological Institute (MNI) template, using a gray-matter-segmented IR-EPI as an intermediate to improve registration, and smoothed with an 8 mm FWHM Gaussian kernel. The hemodynamic response was modeled with a double gamma function, without temporal derivatives, using the general linear model in SPM8. A 128s high pass filter was applied to remove low-frequency fluctuation in the BOLD signal. To account for both within-group and within-subject variance, a random effects analysis was implemented. Parameter estimates for each individual's first level analysis (SPM contrast images) contrasting "hedonic food cues" to "nonfood objects" were entered into second-level repeated measures ANOVA. Comparisons across conditions were evaluated with directional contrasts (SPM t-contrasts). Results were considered significant at a whole-brain level if they exceeded a voxel-wise threshold of p < 0.01 and a cluster extent of 67 voxels. This threshold corresponds to a whole-brain cluster corrected level of p < 0.01, based on 10,000 Monte Carlo simulations using AlphaSim in AFNI (http:// afni.nimh.nih.gov/afni/). Results in all figures are statistical parametric maps (i.e. colored voxels indicate t-values), thresholded at the above level, overlaid on the group average anatomical image.
Non-imaging analyses were performed using SigmaStat software (Jandel Scientific, San Rafael, CA, USA). The total area under the curve for appetite VAS ratings using all 30 minute time points over three hours post test meal were used. The effects of chronic exercise as compared to baseline were analyzed using a paired t-test. A two-way repeated measures analysis of variance (ANOVA) was used when analyzing acute and chronic effects of exercise. Significance tests were two-sided with significance set at level 0.05. Finally, the Pearson Product Correlation between the fMRI, behavioral, appetite and intake measures was examined.
Results
Body Weight and Leptin
A trend was observed for a reduction in body weight in response to the exercise intervention (101.5±4.9 to 98.7±5.8 kg, p=0.09). Changes in body weight, however, were highly variable, ranging from 12 kg of weight loss to 4 kg of weight gain. Fat mass (36.4±2.8 to 33.7±3.2 kg, p=0.04) as shown in Figure 1 and percent body fat (36.5±1.9 to 34.4±2.0%, p=0.01) were reduced significantly albeit modestly with the exercise intervention and accounted for the total weight loss. Again, the changes in fat mass were highly variable ranging from 10 kg of fat mass loss to almost 4 kg of fat mass gain. There was a significant reduction in leptin concentration after the 6-month exercise intervention (32.1±5.7 to 20.3±4.6 ng/ml, p=0.03). While leptin concentrations correlated with fat mass overall, changes in leptin concentration did not correlate with changes in body weight or fat mass.
Appetite and Behavioral Assessments
Behavioral and appetite assessments were performed at baseline and again after the 6-month exercise intervention and are summarized in Table 1 . Despite modest weight/fat loss and reductions in leptin, there were no changes in ratings of dietary restraint or disinhibition, food cravings, Power of Food Scale, or food desire and appeal. Ratings of hunger, PFC, and satiety, as measured by the area under the curve in response to a breakfast meal, were also not impacted by the chronic exercise intervention. Fasting ratings of appetite (hunger, PFC, and satiety) and food appeal and desire were also measured in the "chronic + acute exercise" condition but were unchanged as compared to chronic exercise or baseline. Behavioral and appetite measures did not correlate with leptin concentrations, body weight, or fat mass. While changes in disinhibition scores were correlated with changes in body weight (r= 0.52, p=0.04), changes in all other behavioral and appetite measures did not correlate with changes body weight, fat mass or leptin.
A 3-day diet diary was also performed at baseline and after the chronic exercise intervention. Overall, mean self-reported total energy intake as assessed by the diet diary was reduced after the exercise intervention (2192 ± 208 to 1980 ± 159 kcal/d, p = 0.049) even when expressed per fat free mass (36.7 ± 2.7 to 31.4 ± 2.0 kcal/kg/d, p = 0.046). These changes in self-reported energy intake, though, did not correlate with changes in any of the other outcomes, including behavioral and appetite measures or neuronal responses to visual food cues. Furthermore, there were no significant changes in self-reported macronutrient composition as assessed by the 3-day diet diary.
fMRI
The neuronal response to visual stimuli as measured by fMRI was examined in the fasted state at baseline and again after the 6-month exercise intervention without an acute exercise bout (chronic exercise) and after an acute exercise bout (chronic + acute exercise). In the baseline condition, response to hedonic visual food cues compared to nonfood objects was observed in a network of brain regions, including the bilateral insular cortices, somatosensory cortices, parietal cortices and visual cortex, (Figure 2 ) similar to our previous reports [29, 34] . MNI coordinates and significance levels are shown in Table 2 .
Reduced responses to visual food cues following "chronic exercise" compared to baseline were observed in the bilateral parietal cortices, left insula and visual cortex (Figure 3) . MNI coordinates and significance levels are shown in Table 3 . No differences between the baseline condition and "chronic + acute exercise" were observed. Responses in the "chronic + acute exercise" condition were intermediate between the baseline and "chronic exercise" conditions (shown for insula in Figure 3 plot). This pattern reached significance in the parietal region such that the response associated with "chronic exercise" was significantly lower (t = 5.02, x = −36, y = 81, z = 36) than the response associated with "chronic + acute exercise."
Changes in anterior insula responses between the baseline condition and "chronic exercise" were positively correlated with changes in (r 2 =0.61, p=0.003) and body weight (r 2 =0.58, p=0.004) as shown in Figure 4 , such that the greater the attenuation in insula response with exercise the greater the fat mass and weight loss or vice versa. The difference in insula and visual cortex responses between the baseline condition and "chronic exercise" were also positively correlated with change in leptin concentrations (r 2 =0.64, p<0.001 and r 2 =0.82, p=0.001, respectively). Furthermore, there was an inverse correlation between the change in neuronal response in the hypothalamus and the change in leptin with exercise (r 2 =0.58, p=0.003).
Discussion
The present study was performed to examine the effects of exercise on the neuronal response to food-related visual cues as well as on various measures of appetite and eatingrelated behavior. The results of this study demonstrate that a 6-month exercise intervention is associated with attenuation in the response to visual food cues in brain regions known to be important in food intake regulation. The insula, in particular, appears to play an important role in potential exercise-induced weight loss and weight loss maintenance. Measures of eating-related behaviors and appetite, however, were not affected by the exercise intervention even despite modest weight/fat loss, suggesting that exercise may attenuate the changes in ingestive behavior expected with negative energy balance. Alternately, the observation of a neuronal change correlated with body weight and fat mass change in the absence of effects on behavioral measures may suggest that neuronal measures of food intake behaviors are more sensitive than behavioral measures.
As we have consistently shown in previous studies, the neuronal response to food-related visual cues is complex, associated with the activation of a network of brain regions, including the insula, somatosensory cortices, parietal cortices and visual cortex [29, 34] . The activation of a number of these regions is consistent with increased attention to food cues and enhanced motivation to eat and implicates these regions as important in the regulation of food intake.
It has been previously shown that alterations in energy balance impact the neuronal response to food cues. We, for example, have shown that overfeeding-induced positive energy balance results in attenuation of the response to food cues [29, 34] . Similarly, the acutely fed state has also been shown to be associated with reduced neuronal response to food cues [42] . Conversely, prolonged fasting has been shown to result in enhanced response to food cues in brain regions important in motivation, reward and attention [23] [24] [25] 43] . We are aware of only one published study examining the effects of weight loss in a longitudinal manner on the neuronal response to food cues. In this study, Rosenbaum et al, showed that the weightreduced state was associated with changes in the neuronal response to visual food stimuli in brain regions known to be important in homeostatic, emotional and cognitive regulation of energy intake, including increased activity in the limbic system and in brain regions important in executive and decision-making functions and decreased activity in brain regions important in homeostasis, emotional and cognitive control, and motor planning [44] . It might, therefore, be expected that chronic exercise, resulting in weight/fat loss, would result in similar changes in the neuronal response to food cues.
While we show in the present study that relative negative energy balance associated with chronic exercise also impacts similar brain regions, the response appears to be in the opposite direction as compared to diet-related negative energy balance. Specifically, chronic exercise resulted in diminished activation in the insula, parietal cortices, and visual cortex and did not result in increased response in any brain region. The attenuation of these brain regions known to be important in attention, visual processing and motivation, suggest that the salience of the food cues is reduced with exercise. Furthermore, the attenuation of insular response with exercise was associated with weight/fat loss. Other studies have also shown that the insula plays a central role in the regulation of ingestive behavior and may not only be the primary taste cortex but may also relate to the memory of the rewarding aspects of food and eating as well as in representing information about the internal state, ie an integration area [22, 24, 36, 37, [45] [46] [47] [48] [49] . Interestingly, though, an acute bout of exercise appears to attenuate the effects of chronic exercise on these responses. While most studies suggest that acute exercise does not significantly impact appetite and energy intake [12] , the neuronal response to food may be a more sensitive outcome, suggesting that the acute relative negative energy balance associated with an exercise bout may in fact alter appetitive behavior.
What mechanisms underlie these observed differences in responses to visual food stimuli with chronic exercise? The effects of exercise on leptin action could be important. As has been shown by others [50] [51] [52] , we found greater reductions in leptin concentrations than would be expected for the degree of fat mass loss with the exercise intervention. In spite of this, we did not see increased hunger or drive to eat and in fact found attenuation of brain regions important in motivation to eat, suggesting potential enhanced leptin sensitivity. Animal studies have shown that exercise improves leptin sensitivity as well as altering the anorexic/orexigenic responses to other mediators such as neuropeptide Y and melanin concentrating hormone [53] [54] [55] . Although one might postulate that these central effects would primarily impact homeostatic-related brain regions, fMRI studies examining leptin deficiency and replacement have shown that it can alter higher brain responses such as in the insula to food stimuli [39, 44] . Certainly these exercise effects deserve further investigation.
We did not find significant differences in measures of eating-related behaviors or appetite with acute or chronic exercise. These measures are subjective and have inherent variability, so with our small sample size we may simply not have been powered to see an effect. It may be, though, that chronic exercise attenuates appetitive behavior favoring reduced food intake and resultant weight loss and/or weight maintenance. Perhaps the attenuation in the brain response to food cues seen with chronic exercise is responsible for the less than expected appetitive responses. This may be especially true in those with the greatest suppression in insula activity who also had the greatest reduction in fat mass. Also of note, while there was no exercise-based difference in disinhibition, a correlation was observed between the change in disinhibition and change in body weight in response to the exercise intervention. Does exercise "improve" disinhibited behaviors leading to less energy intake? These effects need to be studied further.
A few limitations must also be discussed. The relatively small sample size limits generalizability. Nevertheless, significant effects of exercise on the neuronal response to food cues were still observed. We were not powered to evaluate sex-based effects. As we and others have reported there are important sex-based differences in the neuronal response to food cues [56, 57] . The effects, though, have been demonstrated in regions not related to those seen impacted by exercise in the present study. The lack of a non-exercise control group raises the concern regarding the potential effects of consecutive testing on the results. Previous fMRI studies suggest that neuronal response to the types of stimuli used in the present study are consistent over time [58] . Additionally, our observation of no significant differences between baseline and "acute exercise" conditions argues against a substantial effect purely from consecutive testing. Finally, we did not measure the effects of exercise on true ad libitum energy intake which may have impacted the lack of correlation seen between energy intake and other measures.
In conclusion, the results of this study demonstrate that chronic exercise training alters the neuronal response to food cues. A 6-month exercise intervention is associated with attenuation in the response to visual food cues in brain regions known to be important in food intake regulation. The insula, in particular, appears to play an important role in potential exercise-induced weight loss and weight loss maintenance. Measures of eatingrelated behaviors and appetite, however, were not affected by the exercise intervention even despite modest weight/fat loss, suggesting that exercise may attenuate the changes in ingestive behavior expected with negative energy balance. These findings emphasize the important role of external visual cues in the regulation of food intake and suggest that an intervention such as exercise can alter these responses.
Highlights
• Chronic exercise has a variable effect on weight loss.
• Despite modest weight loss exercise does not impact appetitive behaviors.
• Chronic exercise was associated with a reduction in the neuronal response to food, primarily in the posterior attention network and insula.
• Change in BW with chronic exercise correlated with change in insula response.
• An acute exercise bout attenuated the effects of chronic exercise. The neuronal response across all subjects to images of foods of high hedonic value as compared to nonfood objects at baseline before the exercise intervention. Greater activation is observed in a network of brain regions, including the bilateral insular cortices, somatosensory cortices, parietal cortices and visual cortex. Data are shown in the radiological convention (right hemisphere on the left). The difference in neuronal response to foods of high hedonic value as compared to nonfood objects following "chronic exercise" as compared to "baseline". Reduced responses to visual food cues following "chronic exercise" were observed in the bilateral parietal cortices, left insula and visual cortex. No differences between "baseline" and "chronic + acute exercise" were observed. Inset: insula responses in the "chronic + acute exercise" were intermediate between "baseline" and "chronic exercise" conditions. Correlation between neuronal response following exercise and the change in fat mass (a) and body weight (b). The difference in anterior insula responses between the baseline condition and "chronic exercise" were positively correlated with change in fat mass and body weight. Brain regions that responded to visual food cues during the baseline condition. b Significant at a whole-brain voxel-wise threshold of p < 0.01 with a cluster-corrected level of p < 0.01.
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